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ABSTRACT 

 

In this work, we numerically study the three-dimensional conjugate 

mixed convection heat transfer in a horizontal annulus equipped by 

longitudinal and transversal fins attached on its internal surface of 

outer cylinder. The external pipe and fins are heated by an electrical 

current passing through their small thickness while the inner pipe is 

kept adiabatic. We investigate the effects of adding longitudinal and 

transversal fins on the fluid dynamic and the heat transfer 

performances. The number of longitudinal fins varies from two to 

eight fins while the number of transvers ones is equal to four. The 

convection in the fluid domain is conjugated to thermal conduction 

in the pipes and fins solid thickness. The physical properties of the 

fluid are thermal dependent and the heat losses from the external 

pipe surface to the surrounding environment are taken account. The 

model equations of continuity, momenta and energy are 

numerically solved by the finite volume method with a second order 

spatiotemporal discretization. The Prandtl, the Reynolds and the 

Grashof numbers are fixed at 8.082, 399.02 and 12801 respectively. 

The obtained results showed that the axial Nusselt number increases 

with the increasing of number of fins. Moreover, the longitudinal 

fins configuration showed a more significant improvement in heat 

transfer than that of the transverse fins. 

 

© Published at www.ijtf.org 

 
1. Introduction 

The problem of using fins to increase the 

exchange surfaces between the fluids and the 

walls of the ducts is often studied in many 

engineering sectors in order to improve heat 

transfer. In this context, the geometric shape 

and orientation of the fins studied are very 

important factors for increasing the efficiency 

of heat transfer. Much research, both 

experimental and numerical, has been carried 

out for different types of finned ducts. Patankar 

et al. [1] presented an analytical model for fully 

developed turbulent air flow in internally finned 

tubes and annuli. In their study, the longitudinal 

attached fins in the inner wall were considered. 

The thermal boundary conditions were a 

constant heat flux at the inner surface; the 

obtained results are presented as determining 

the Nusselt numbers and coefficients of charge 

loss. Agrawal et al. [2], numerically studied the 

effect of varying the geometric parameters and 

the Reynolds   number on the pressure drop and
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Nomenclature 

D1i internal diameter of inner pipe, m t* non-dimensional time,  

D1o external diameter of inner pipe, m T temperature, K 

D2i internal diameter of outer pipe, m T* non-dimensional temperature, 
 

D2o  external diameter of outer pipe, m V0 axial velocity at the entrance, m/s 

Dh hydraulic diameter =D2i-D1o ,m V* non-dimensional velocity, V*/V0 

L annulus length, m z* non-dimensional axial coordinate, z/Dh 

H fin height, m Greek symbols 

g gravitational acceleration, =9.81m/s2 α thermal diffusivity, m2/s 

G volumetric heat generation, w/m3 β thermal expansion coefficient, (1/K) 

Gr* modified Grashof number,  ε emissivity coefficient 

 radiative heat transfer coefficient, w/m2 K θ angular coordinate, rad 

 convective heat transfer coefficient, w/m2 K μ dynamic viscosity, kg /m s 

K* thermal conductivity, K/K0 ν cinematic viscosity, m²/s 

Nu Nusselt number τ the viscous stress tensor, kg/m2 s 

P   pressure, kg/m s2 τ* non-dimensional stress,  

P* non-dimensional pressure,  Subscripts 

Pr Prandtl number, ν/α i internal 

r radial coordinate, m o external 

Re Reynolds number,  Superscripts 

t time, s * dimensionless 

the heat transfer. This study was conducted for 

the case of longitudinal fins attached to the 

inside of an annulus. In the numerical work of 

Farinas et al. [3], the authors studied the laminar 

mixed convection in an annulus with three 

different configurations of fins: two, four and 

sixteen fins. The inner wall is heatedt while the 

outer wall is cooled. The Grashof number 

varied from 102 to 104 and the conservation 

equations are solved by the finite difference 

method. The results are presented for the air 

with Rayleigh numbers varying from103 to 106 

for different configurations of fins (fine 

rounded or divergent) with different lengths 

(L=0.25, 0.5 and 0.75). The results are 

presented as isotherms graphs, velocity fields 

and Nusselt numbers variation.  

The heat transfer is enhanced to a rounded 

configuration of the fins. Khemici et al. [4] and 

Touahri et al. [5] studied numerically the 

conjugate heat transfer by mixed convection in 

horizontal pipe without fins. In [6], Touahri et 

al. studied the same problem, but in this case the 

horizontal pipes are equipped by longitudinal 

and transversal attached fins on its internal wall. 

The mixed convection is there by conjugate 

with thermal conduction in the pipe and fins 

walls. The physical properties of the fluid are 

thermo-dependent and the heat losses with the 

external environment are considered. The 

obtained results show that the use of 

longitudinal and transverse fins increases the 

Nusselt number very significantly. In the 

numerical work of Benhacine et al. [7], the 

authors studied forced and mixed convection 

without and with a magnetic field. three 

objectives are achieved: The first objective is to 

clarify the effects of annular spaces on vortex 

breakdown (appearance and suppression) in 

which three annular spaces are compared. The 

second objective is to identify the intensity of 

the magnetic field corresponding to the 

elimination of the vortex bubble. The third 

objective is to specify the role of the 

temperature gradient on the appearance of the 

bifurcation in the form of fluid sheets. Finally, 
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it is a question of specifying the intensity of the 

magnetic field corresponding to the withdrawal 

of the fluid layers. The stability limits 

corresponding to the domain where 

stratification does not occur are presented. The 

flow and heat transfer characteristics of a tube 

with an integrated internal longitudinal fin were 

studied by experiment and numerical 

simulation by Liu et al. [8], the effects of 

inscribed circle diameter and fin included angle 

on the thermal performance were investigated 

by numerical simulation. The obtained 

numerical results were in good agreement with 

the experimental data. A similar study was also 

treated numerically and experimentally by 

Yuzhu et al. [9]. The heat transfer by natural 

convection of a laminar flow of water between 

two concentric cylinders is studied numerically 

by Gourari et al. [10], the inner cylinder 

generates a constant heat source while the outer 

cylinder is cold, the upper and lower walls are 

thermally insulated, the angles of inclination 

studied are: 0°, 45°, 90°. The results obtained 

showed that the mean Nusselt number increases 

with increasing Rayleigh numbers and the best 

heat transfer is obtained for the 90° tilt angle. 

Solving a coupled system of equations 

composed of the Navier-Stokes, conservation of 

electric charge and Poisson equations was the 

objectif of the work studied by Elkhazen et al. 

[11]. All of these coupled equations are solved 

for the first time in this work using elliptical-

cylindrical coordinates. 

On the other hand, the use of nanofluids 

significantly improves the heat transfer in the 

annulus with or without fins. In the review 

papers of Hussein [12, 13], Hussein et al. [14, 

15], Mahian et al. [16, 17], Li et al. [18], 

Ghachem et al. [19] and Kamel et al. [20], 

several applications of nanotechnology are well 

detailed. 

In their work, Benkhedda et al. [21] have 

numerically studied laminar mixed convection 

in horizontal annulus filled with a TiO2/water 

nanofluid and Ag-TiO2/water hybrid nanofluid 

has. The outer cylinder is uniformly heated, the 

inner cylinder is adiabatic. The nanoparticles 

volume fraction is between 0 and 8% and 

Grashof numbers between 105 and 106. The 

results shows that the local and average Nusselt 

numbers, and the bulk temperature increase 

with the increasing of the volume fraction and 

the Grashof number also the heat transfer is 

very enhancement when using a Ag-TiO2/water 

hybrid nanofluid compared to the similar 

TiO2/water nanofluid.  

In their numerical work, Tayebi et 

Chamkha have studied free convection 

enhancement of a hybrid nanofluid in eccentric 

horizontal cylindrical annulus [22] and in an 

annulus between horizontal confocal elliptical 

cylinders [23]. The obtained results show that 

the employing a hybrid mixture delivers an 

excellent thermal and dynamic performance 

compared to the similar traditional nanofluid. 

Similar work on natural convection is also 

carried out by Tayebi et al. [24–26]. On their 

part, Al-Rashed et al. [27], numerically treated 

convective heat transfer and entropy generation 

in a 3D closed cavity,, equipped with adiabatic-

driven baffle and filled with CNT-water 

nanofluid for a range of Rayleigh numbers from 

103 to 105  and a range of CNT concentrations 

from 0 to 15%. The use of water-based CNT 

nanoliquids in natural convection is also 

investigated by Tayebi et al. [28] under 

magnetic field within a concentric circular ring 

between a heat-generating conductive inner 

cylinder and an isothermal cold outer cylinder 

filled with an NTC water-based nanoliquid. The 

results of this study lie the role of the control 

parameters considered with regard to the 

hydrothermal characteristics and the rate of heat 

exchange within the annular space. 

In the present work, we have studied 

numerically the heat transfer by mixed 

convection in annulus between two concentric 

cylinders. Longitudinal and transversal fins are 

attached in the inner wall of the outer cylinder. 

The mixed convection is conjugated with the 

thermal conduction in the pipes and fins walls. 

The physical properties of the fluid are thermo-

dependent and heat losses to the outside 

environment are taken into account while the 

inner cylinder is adiabatic at its inner wall. The 

objective of our work is to study the 

improvement of heat transfer in the annulus 

using 8 longitudinal fins in the first case and 4 

transversal fins in the second case. 
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2. Geometry and mathematical model 

To assure continuity in the research work, 

the geometry and the nature of the pipes are 

similar to those considered in the numerical 

studies conducted in refs. [4−6]. Fig. 1 

illustrates the geometry of the problem studied. 

Two long horizontal concentric cylinders 

having a length L=1m, the inner tube with an 

internal diameter D1i=0.46 cm and an outer 

diameter D1o=0.5 cm, while the outer tube with 

an internal diameter D2i=0.96 cm and an outer 

diameter D2o=1 cm. 

In first case, longitudinal fins with a height 

H=0.12 cm (25% of the hydraulic diameter) are 

attached to the inner wall of the outer cylinder, 

The studied number of longitudinal fins varies 

from two to eight ones. For the cas of eight fins, 

these latters are placed at: (θ=0), (θ=π/4), 

(θ=π/2), (θ=3π/4), (θ=π), (θ=5π/4), (θ=3π/2) 

and (θ=7π/4).  

 

Fig. 1. Geometry of the problem 

While in the second case, four transversal 

fins are attached on the same wall at: z*=19.701, 

z*=63.179, z*=106.658 and z*=171.875. The 

pipes and fins are made of Inconel having a 

thermal conductivity Ks= 20 W m-1K-1. An 

electric current passing along the external pipe 

(in the solid thickness) produced a heat 

generation by Joulean effect. This heat is 

transferred to distilled water flow in the annulus, 

while the inner cylinder is adiabatic. At the 

entrance, the flow has an axial meanvelocity 

equal to 9.88 10-2m/s and a constant temperature 

of 15 °C. The density is a linear function of 

temperature and the Boussinesq approximation 

is adopted. The physical principles involved in 

this problem are well modeled by the following 

non dimensional conservation partial 

differential equations with their initial and 

boundary conditions. 

The Reynolds number is equal to 399.02 

and the Prandtl number is equal to 8.082. The 

non-dimensional fluid viscosity and thermal 

conductivity variation with temperature are 

represented by the functions μ*(T*) and k*(T*) 

obtained by smooth fittings of the tabulated 

values cited by Baehr and Stephan [29]. 

2.1 Modelling equations 

The physical phenomenon of the conjugate 

heat transfer, result of the mixed convection in 

the fluid flow combined with heat conduction in 

the solid wall and the fins, are modelled by the 

dimensionless conservations equations with 

appropriate boundary conditions as follows: 

(1) Mass conservation equation 

                (1) 

(2) Radial momentum conservation 

equation 

(2) 

(3) Angular momentum conservation 

equation    

    (3) 

(4) Axial momentum conservation 

equation 
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* Energy conservation equation 

       

(5) 

The viscous stress tensor components are: 

 ,   

 , 

       

(6) 

 ,    

 

The heat fluxes are: 

         

(7) 

2.2 The boundary conditions 

(1) At the annulus entrance: z*=0 

In the fluid domain:     (8) 

In the solid domain: 
    

(9) 

(2) At the annulus exit:z*=217.39 

In the fluid domain: 

                (10) 

In the solid domain: 

                     

(11) 

(3) At the inside wall of internal pipe: 

r*=0.5  

                  (12) 

(4) At the outer wall of external pipe: 

r*=1.087 

                                 

(13) 

                               (14) 

The emissivity of the outer wall is 

arbitrarily chosen to 0.9 while hc is derived from 

the correlation of Churchill and Chu [30]. 

     

(15) 

2.3 Nusselt number 

At the pipe wall interface (r*= r2i
*=1.044) 

the local Nusselt number is defined as: 

       

(16) 

At the longitudinal fins wall interface (θ=θfin), 

the local Nusselt number is defined as: 

      

(17) 

At the transversal fins wall interface 

(z=zfin), the local Nusselt number is defined as: 

          

(18) 

2. Numerical resolution 

This set of coupled non-linear differential 

equations with boundary conditions was 

discretized by the finite volume method, well 

described by Patankar [31]. The using of this 

method involves the discretization of the 

physical domain into a discrete domain 

constituted of finite volumes where the 

modelling equations are discretized in a typical 

volume. For this we use a Fortran source code 

based on the SIMPLER algorithm [31] which is 

used to treat the pressure-velocity coupling and 

to obtain the iterative solution of the discretized 

model equations involving the use of the tri-

diagonal matrix algorithm (TDMA). 
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The mesh used contains 52×88×162 points 

in the radial, azimuthal and axial directions 

successively and the temporal discretization is 

realised with a truncation error of  order 

and the considered time step is . 

The steady state is controlled by the satisfaction 

of the global mass and energy balances as well 

as the leveling off of the time evolution of the 

hydrodynamic and thermal fields.  

In fig. 2 we illustrate the axial evolution of 

the circumferentially averaged Nusselt number. 

It is seen that there is good agreement between 

our results and those of Carlo and Guidice. [32] 

who studied numerically the conjugate mixed 

convection heat transfer in annulus with the 

controlling parameters of the problem:  

Re=1,000, Pr=0.7, Gr=106, and R2/R1=1. 

 

Fig. 2. Axial evolution of the averaged Nusselt 

number; a comparison with the results of Carlo 

and Guidice. [32] 

A second validation of the numerical code 

used in this study is the comparison of our 

results with those of Nouar. [33] who studied 

numerically the conjugate mixed convection 

heat transfer in annular duct with the controlling 

parameters of the problem: L/Dh=125,  Re=35, 

Pr=557.3 and Gr=6,000. In figure 3, we present 

the temperature variation at the top (θ=0) and at 

the bottom (θ=π) of the external interface of the 

annulus (external fluid-outer cylinder).  

 

Fig. 3. Axial evolution of the interface 

temperature (external fluid-outer cylinder); a 

comparison with the results of Nouar. [33] 

     The temperature and the axial position are 

presented in dimensionless form in accordance 

with reference [33]; the axial position is 

normalized by the product (Re Pr). It is clear 

that our results are in good agreement with 

those of the cited reference. 

4.  Results and discussions 

4.1 Development of hydrodynamic flow 

All results presented in this paper were 

calculated for Reynolds number Re=399.02, 

Prandtl number Pr=8.082 and Grashof number 

(for mixed convection) Gr=12801, while the 

height of the fin is equal to 0.12 cm, which 

represents 25% of the hydraulic diameter. 

In the case of the longitudinal fins, the 

hydrodynamic field is characterized by a main 

flow along the axial direction and a secondary 

flow influenced by the density variation with 

temperature, which occurs in the plane (r*−θ). 

The transverse flow vectors are presented at the 

annulus exit in fig. 4 for 8 longitudinal fins 

placed at θ =π/8, 3π/8, 5π/8, 7π/8, 9π/8, 11π/8, 

13π/8 and 15π/8. This transverse flow is 

explained as follows: the hot fluid moves along 

the inner wall of the external cylinder from the 

bottom (θ=π) to the top (θ=0), this movement 

is blocked by the walls of the longitudinal fins. 

( ) 2*
t

4*
105t

-
=



Hassen Haithem et al. 

International Journal of Thermofluid Science and Technology (2023), Volume 10, Issue 2, Paper No. 100204 

7 
 

 
Fig. 4. Development of the secondary flow at 

the annulus exit 

After, a portion of the fluid continues moving 

upwardly under the effect of the thermal 

buoyancy force while another part is conveyed 

downwardly with the relatively cold fluid which 

descends near of the inner cylinder. The 

transverse flow in the (r*−θ) plane is 

represented by counter rotating cells; the cells 

number is proportional to longitudinal fins 

number used. The vertical plane passing 

through the angles and  is a plane 

of symmetry. 

The position of maximum azimuthal 

velocity V*
θ maxin some axial positions is 

represented in table 1. 

Table1 Maximum azimuthal velocity at some axial 

positions; Gr=12801 

 V*
θmax 0.0046 0.0163 0.0171 0.0164 0.0169 

P
o

si
ti

o
n

s z* 11.549 55.027 83.560 163.72 217.39 

r* 1.004 0.973 0.973 0.989 0.989 

θ 1.892 1.892 1.892 1.892 1.892 

 

Regarding axial flow, this latter is 

axisymmetric in the forced convection case; at 

a given section, the axial velocity takes a 

minimum value (0) at the walls of pipes and fins 

and a maximum value between each two 

longitudinal fins, at the exit of the annulus  

is equal to 1.658located at r*=0.817 and θ =π/8, 

3π/8, 5π/8, 7π/8, 9π/8, 11π/8, 13π/8, 15π/8.  

In the mixed convection case (Gr=12801), the 

axial velocity is influenced by the generation of 

the secondary flow which causes an angular 

variation explained as follows: the thermal 

viscosity is inversely proportional to the fluid 

temperature and the axial velocity increases 

with the decrease of viscosity, automatically we 

will have an axial velocity relatively high in the 

upper part of the annulus where the fluid 

temperature is greater than that of the lower 

portion. In table 2, we present the position of the 

maximum axial velocity in some axial positions. 

Table 2 Maximum axial velocity at some axial 

positions; Gr=12801 

z* 11.54 55.02 83.55 163.72 217.39 
 1.671 1.690 1.787 2.040 2.031 

r* 0.801 0.833 0.817 0.770 0.754 

θ 0.464 0.464 0.393 0.393 0.393 

 

In fig. 5, we present an illustration of the 

variation of the axial velocity at the annulus exit 

(z*=217.39) for both forced and mixed 

convection. 

In the case of the transversal fins, the 

position of fins is only in selected axial sections 

at z*=41.440, 84.918, 128.396, and 171.874. So 

the presentation of the results is based on the 

variation of the thermal and dynamic fields in 

the vicinity of the transverse fins. Far from these 

sections, the secondary motion is similar to that 

of simple annulus: the hot fluid moves upwards 

near the outer cylinder and the relatively cold 

fluid moves downwards near the inner cylinder. 

The secondary flow vectors mapping 

around the first transversal fin section 

(z*=41.440) is illustrated in fig. 6. At z*=40.081 

(just before the transverse fin), the vectors of the 

secondary flow near the hot wall change 

direction by creating a radial movement 

directed towards the internal cylinder allowing 

the fluid passes to z*=41.440 between the 

internal cylinder and the fin. After passing 

through the transverse fin at z*=42.799, the 

radial movement of the fluid is directed a 

second time toward the outer cylinder to return 

the fluid to the initial occupied state before the 

fin. From z*=52.309, the vectors of the 

secondary flow discussed previously (annulus 

without fins) begin to reappear. 

( )0= ( ) =

*

maxzV

*

maxzV
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(a) Forced convection 

 
(b) Mixed convection (Gr=12801) 

Fig. 5. Axial velocity profile at the annulus 

exit  

Fig. 6. Development of secondary flow around 

the first transverse fin 

With regard to axial flow, far from the axial 

section of the transverse fin, the axial flow 

resembles that of an annulus without fins. 

However, just before the transverse fin, a radial 

movement of the fluid is created, this movement 

allowed to change the direction of the axial 

velocity facing the wall of the fin towards the 

inner cylinder so that it passes between the 

internal cylinder and the fin. 

 Thereafter, the radial movement of the 

fluid is directed towards the outer cylinder in 

order that the fluid returns to the initial state 

occupied before the fin.  

 

Fig. 7. Polar distribution of axial velocity at the 

fourth transverse fin; Gr=12801 

The reduction in the passage section 

between the inner cylinder and each transverse 

fin results in a significant increase in the axial 

speed in this position. This sudden change in 

axial flow is repeated in every section of a 

transverse fin. The polar distribution of axial 

flow at the fourth transverse fin at z*=171.875 is 

shown in fig.7. 

4.2 Development of the thermal field 

(1) The temperature field 

In forced convection, the thermal field in 

the presence of eight longitudinal fins is 

axisymmetric. At a given section the isotherms 

of the fluid reach there minimum temperature 

on the wall of the inner cylinder,which then 

increases as it approaches the fins and the outer 

cylinder. At this temperature increases more 

and more near from the fins and the outer 

cylinder. At z*=7.473, the maximum 

temperature of the fluid is equal to 0.09695 

located at r*=1.044 and θ=π/8, 3π/8, 5π/8, 7π/8, 

9π/8, 11π/8, 13π/8 and 15π/8. This temperature 

increases to 0.1349, 0.2285, 0.3106 and 0.3807 

in the axial positions z*=14.266, L*/4, L*/2, 

3L*/4 respectively. At the exit of the annulus, 

the temperature of the fluid reaches its absolute 

maximum which is equal to 0.4414, in this axial 
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position the temperature of each fin varies from 

0.3892 to 0.4311. In the presence of volumetric 

heating, a transverse flow exists and thus 

changes the axisymmetric distribution of fluid 

and pipes wall temperature and gives it an 

angular variation. In this case the maximum 

temperature is always located at the top of solid-

fluid interface of annulus at r*=1.044 and θ=0 

just at the right and the left of the vertical fin 

placed at θ=0, because the hot fluid is driven by 

the secondary motion towards the top of the 

annulus.  

 
      (a) Forced convection 

 
(b) Mixed convection (Gr= 12801) 

Fig. 8. Axial temperature profile at the annulus 

exit 

At z*=11.549, the maximum temperature is 

equal to 0.1301, this temperature increases to 

0.2569, 0.3204, 0.3728, 0.4651 and 0.5356 for 

z*=L*/4, 83.559, L*/2, 3L*/4 and z*=L* 

respectively. The minimum temperature of the 

fluid is at the lower part of annulus. At z*=L*/4, 

the position of the minimum temperature is 

located at r*=0.551. This position moves to 

r*=0.567, 0.5982, 0.6294 and r*=0.645 for 

z*=83.559, L*/2, 3L*/4 and z*=L*, respectively. 

In fig. 8 we present the variation of axial 

temperature profileat the exit of annulus 

(z*=217.39) for both forced and mixed 

convection. 

In fig. 9, we represent the variation of the 

axial temperature at the end of each fin at 

r*=0.817. 

 
Fig. 9. Axial temperature variation of the fins 

at r*=0.817 

It is clear that the temperature of the 

vertical fin placed at θ=0is highest, followed by 

fin placed at θ=π/4, π/2, 3π/4 and π. 

(2)  Dimensionless heat flux at interfaces 

The heat flow transferred to the fluid 

through the interface of the outer cylinder of the 

annulus in the case of mixed convection has an 

axial and azimuthal variation from the entrance 

to the exit; the vertical plane which passes 

through the axis of the cylinders is a plane of 

symmetry for this variation. At θ=0, π/4, π/2, 

3π/4, π, 5π/4, 3π/2 and 7π/4, the cylindrical heat 

flow transferred to the fluid is zero because in 

these positions the outer cylinder is in contact 

with the longitudinal fins. Outside these 

azimuthal positions, at a given section the 

cylindrical heat flow takes a minimum value at 

the top of the cylinder and a maximum value at 

the bottom near from the fin located at θ=π 

because the hot fluid is always at the top while 

the relatively cold fluid is at the bottom. In fig. 

10, the cylindrical heat flow is illustrated for the 

case of eight longitudinal fins. At the exit, the 

local heat flow from the external pipe takes a 

maximum value equal to 2.038 at θ=2.820. The 

heat flow released by the longitudinal fin placed 

at: (θ=0) is shown in fig. 11. The heat flow takes 

a maximum value equal to 4.039 at z*=93.071 

and r*=0.817. 
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Fig. 10. Distribution of the local heat flow at the 

external cylinder interface for the case of 

longitudinal fins; Gr=12801 

In the case of the transversal fins, the local 

heat flux at the cylindrical interface is shown in 

fig 12. It is clear that after each transverse fin 

the heat flux is relatively increased, this is due 

to the role of the transverse fins which serve to 

mix the fluid. So that the new fluid in the 

vicinity of the outer cylinder after the section of 

the transverse fin will have a lower temperature, 

this makes it possible to improve the heat 

transfer.  

 

Fig. 11.Distribution of the local heat flow at the 

interface of the fin placed at (θ=0) 

 

Fig. 12. Distribution of the local heat flow at the 

external cylinder interface for the case of 

transverse fins; Gr = 12801 

The heat flux at the interface of the fourth 

transverse fin is shown in fig. 13. 

 

Fig. 13. Distribution of the local heat flow at the 

interface of the fin placed at (z*=171.875) 

The variation of the local heat flux at the 

fin interface follows a radial and angular 

variation such that it takes a maximum value 

equal to 0.315 located at r*=1.004 and (θ=0.964 

and θ=5.391). 

(3) Evolution of the Nusselt number 

The variation of the local Nusselt number at 

the interface of the external cylinder for the case 

of longitudinal fins is illustrated in fig 14. At the 

interface between the external cylinder and the 

fins, the local Nusselt number is observed to be 

zero. This phenomenon arises from the fact that 



Hassen Haithem et al. 

International Journal of Thermofluid Science and Technology (2023), Volume 10, Issue 2, Paper No. 100204 

11 
 

at this specific location, there is no heat flow 

towards the fluid. 

 

Fig. 14. Evaluation of the local Nusselt number 

at the external cylinder interface. 

Beyond these specific azimuthal positions, 

the angular variation of the local Nusselt 

number reveals a minimum value at the top of 

the cylindrical interface and a maximum value 

at the bottom near the fin located at θ=π. At the 

exit of annulus, the local Nusselt number takes 

a maximum value equal to 48.02 at θ=2.820. 

The Nusselt number of the longitudinal fin 

placed at (θ=π) is shown in fig. 15. The Nusselt 

number reaches a maximum value equal to 

130.00 at z*=217.39 and r*=0.817. 

 
 

Fig. 15. Evaluation of the local Nusselt number 

at the longitudinal fin located at (θ=π) 

 

The comparison of the axial Nusselt numbers 

of the finned annulus is shown in fig.16. 

Quantitatively, there is a large increase in axial 

Nusselt when the number of fins is increased; 

this is due to the large increase in the exchange 

surfaces by adding the number of fins. At the 

exit of the annulus, the axial Nusselt number is 

equal to 22.887, 61.582 and 88.822 for the cases: 

two, four and eight longitudinal fins 

respectively. The average Nusselt numbers for 

these cases are: 18.99, 35.35 and 60.08. 

Fig. 16. Variation of the axial Nusselt number 

as a function of the number of longitudinal fins 

Regarding the transversal fins, the local 

Nusselt number at the cylindrical interface of 

the outer cylinder is shown in fig. 17. Around 

the axial section of a transverse fin, the axial 

Nusselt variation is explained as follows: just 

before the transverse fin, Nu(z*) decreases 

because in this section the movement of the 

fluid is directed towards the internal cylinder.  

 

Fig. 17. Evaluation of the local Nusseltat the 

external cylinder interface 

In the axial section of the transverse fin, 

Nu(z*) increases considerably, then it decreases 
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a second time in the axial section following the 

transverse fin where the flow direction is once 

again redirected to the outer cylinder. 

In fig.18, we present the local Nusselt 

number at the interface of the fourth transverse 

fin, this number follows a radial and angular 

variation such that it reaches a maximum value 

equal to 16.40 at r*=0.895 and θ = π. 

 

 

Fig. 18. Evaluation of the local Nusselt number at 

the transverse fin located at (z*=171.875) 

The axial Nusseltnumber variation for the 

case of transverse fins is compared with that of 

an annulus without fins in fig. 19.  

 
Fig. 19. Evaluation of the axial Nusseltnumber 

for the case of transverse fins; a comparison 

with the case without fins. 

This comparison clearly shows that after 

each transverse fin there is an increase in the 

axial Nusselt compared to the case without fins, 

this is due on the one hand to the increase in the 

exchange surface by the fin itself, on the other 

hand to the role of the transverse fin which 

serves to mix the fluid well after each passage 

through these fins. 

At the exit of the annulus, the axial Nusselt 

number is equal to 11.71, the mean Nusselt 

number for these case is: 10.40. 

5. Conclusions 

The results obtained from the work presented 

can be grouped into the following conclusions: 

 (1) Although the volumetric heat input in 

the solid thickness is constant, the heat flux at 

the solid-fluid interface is not constant: it varies 

with θ and z that is a characteristic of the 

considered mixed convection. 

(2)  The use of longitudinal fins increases 

the averageNusselt number compared to the 

case without fins with a rate of 109.83 %, 

290.61% and 563.87% for the cases 2, 4 and 8 

fins respectively. 

(3) This improvement in the heat transfer 

is due to the important increase in the exchange 

surfaces by the use of the longitudinal fins. 

(4) The obtained results clearly reveals that 

the heat flux released by the fins walls is greater 

than that released by the cylindrical surfaces; 

this is justified by the large value of the local 

Nusselt number of the fins. 

(5) The use of four transverse fins 

increases the average Nusselt number compared 

to the case without fins with a rate of 14.92%. It 

is clear that this increase is less important than 

that of the longitudinal fins. 

(6) The transverse fins participate in an 

indirect way in the improvement of heat transfer; 

their location facing the flow makes it possible 

to reorganize the structure of the flow for each 

passage through these fins, which serves to mix 

the fluid and increasing the heat transfer at 

cylindrical interfaces.  

(7) The number of the fins is also important 

factor in improving heat transfer. 
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